Background: Wild-type p53 is increased during cellular responses to various stresses. Mdm2, which is induced by p53, regulates p53 protein concentrations through the ubiquitin-proteasome pathway. Aim: To investigate whether the Mdm2 mediated ubiquitination of p53 is associated with epithelial cell apoptosis in idiopathic pulmonary fibrosis (IPF). Methods: Immunohistochemistry and western blot analysis were carried out on lung samples obtained by lung biopsy from patients with IPF and non-specific interstitial pneumonia (NSIP). Results: The expression of p53, phosphorylated p53, Mdm2, p21, and Bax was upregulated in epithelial cells from patients with IPF and NSIP compared with normal lung parenchyma. Except for p21, there was a significant increase in the expression of these factors in IPF compared with NSIP. In addition, the number of apoptotic cells and the number of p53 and Bax positive cells was increased compared with controls. p53 conjugated with Mdm2 was decreased in IPF compared with NSIP and controls. Ubiquitinated p53 was increased in both IPF and NSIP compared with controls. Conclusions: Signalling molecules associated with p53 mediated apoptosis may participate in epithelial cell apoptosis, and the attenuation of p53-Mdm2 conjugation and of p53 degradation may be involved in the epithelial cell apoptosis seen in IPF. Augmented epithelial apoptosis in IPF may lead to the poor prognosis compared with NSIP.
T he ubiquitin-proteasome pathway is the major protein degradation pathway involved in proliferation, apoptosis, and homeostasis. This pathway degrades intracellular proteins by two steps. The first step comprises the attachment of multiple ubiquitin molecules to the target protein, and the second comprises the degradation of the targeted protein by proteasome. The attachment of ubiquitin is mediated by three enzymatic reactions, comprising E1 activating enzyme, E2 conjugating enzyme, and E3 ligases. Recognition of substrates by E3 ligases determines the specificity of the target proteins. Once ubiquitinated, the target proteins are rapidly degraded by 26S proteasome. 1 2 Wild-type p53 normally acts to suppress cell growth while the cell attempts to repair DNA damage. It also promotes apoptosis in those cells that have irreparably damaged DNA or that continue to proliferate. 3 4 Expression of wild-type p53 is very low in normal cells, but is greatly upregulated in response to a variety of stresses. [5] [6] [7] The expression and function of the p53 protein is regulated mainly at the posttranscriptional level.
''Mdm2 and p53 form an autoregulatory feedback loop'' Mdm2 is the most important cellular regulator of p53. Mdm2 can function as an E3 ubiquitin ligase, 8 mediate the ubiquitination of nuclear and cytoplasmic p53, 9 and induce the degradation of p53 protein. 10 11 Mdm2 inhibits the apoptotic function of p53 mainly by targeting it for degradation. 12 Upregulation of p53 induces the transcription of Mdm2, whereas Mdm2 protein binds to p53 and inhibits its transcriptional activity. 13 14 Accordingly, Mdm2 and p53 form an autoregulatory feedback loop. 15 However, phosphorylation of p53 at Ser15 attenuates both the p53-Mdm2 interaction 16 and p53 nuclear export. 17 The mitochondria mediated apoptosis pathway is crucial for p53 mediated apoptosis, and involves Bcl-2 family proteins. p53 mediates apoptosis by transcriptional activation of proapoptotic genes, such as PUMA, Bax, Fas, and Apaf-1. 18 19 Epithelial cell apoptosis can be identified in diffuse alveolar damage and is associated with p53 and Bax expression. 20 21 p21 (Waf1/Cip1/Sdi1) is induced in cells that contain wildtype p53 after cellular stress, and is a crucial downstream effector in the p53 specific pathway of growth control in mammalian cells.
22 p21 enhances survival either by promoting DNA repair or by modifying cell death caused by exposure to hyperoxia, radiation, or cytotoxic agents. [23] [24] [25] These findings suggest that p21 may be a key regulator of DNA replication and repair after lung injury.
We previously demonstrated that DNA damage and apoptosis are associated with the upregulation of p53 and p21 protein in bronchiolar and alveolar epithelial cells in IPF. 26 We also showed that the number of apoptotic epithelial cells was significantly increased in IPF and NSIP compared with normal lung parenchyma, and was significantly correlated with cytochrome c release from the mitochondria and with the expression of cleaved caspase 3 in epithelial cells. 27 As an extension of our previous study, we investigated the interaction of p53 and Mdm2, and the post-translational modification of p53 involving phosphorylation and ubiquitination in IPF and NSIP. In addition, we investigated the association between the modification of p53 and the apoptotic response involving Bax versus p21 expression in lung epithelial cells of IPF and NSIP.
MATERIALS AND METHODS
Our study was performed on 13 lung samples obtained by thoracoscopic lung biopsy. The diagnosis of IPF and NSIP was established by a combination of medical history, physical examination, laboratory tests, chest roentgenograms, pulmonary function tests, and the results of histological findings, according to previously described criteria. 28 The histological findings of lung biopsy specimens were compatible with those of IPF in eight patients and NSIP in five. All eight patients with IPF were men, whose ages ranged from 42 to 67 years (mean, 58.6). Seven were smokers and one was a non-smoker. The patients with NSIP comprised three men and two women, whose ages ranged from 50 to 68 years (mean, 58.2). Two were smokers and three were nonsmokers. The results from the IPF and NSIP specimens were compared with those from eight normal lung parenchyma specimens obtained by lobectomy for lung cancer of a solitary pulmonary nodule. The patients with lung cancer comprised five men and three women, whose ages ranged from 56 to 78 years (mean, 67), and all were smokers. After the lung tissue was obtained, it was immediately frozen in liquid nitrogen and stored at 280˚C for western blot analysis. Formalin fixed, paraffin wax embedded lung tissues were used for terminal deoxynucleotidyl transferase mediated dUTP nick end labelling (TUNEL) staining and immunohistochemistry.
The specific antibodies used in our study were as follows: mouse monoclonal anti-p53 antibody (Ab-2; Oncogene Research Products, Darmstadt, Germany), rabbit antiphospho-p53 (Ser15) antibody (Cell Signaling Technology, Beverly, Massachusetts, USA), mouse monoclonal antiMdm2 antibody (Ab-1; Oncogene Research Products), mouse anti-ubiquitin monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, California, USA), mouse antimulti-ubiquitin monoclonal antibody (Medical and Biological Laboratories, Nagoya, Japan), rabbit anti-Bax polyclonal antibody (Oncogene Research Products), and mouse anti-p21 monoclonal antibody (Oncogene Research Products). The same antibodies were used for western blot analysis and immunohistochemistry.
Immunoblots and immunoprecipitation
Frozen lung tissues were homogenised in buffer A (25mM Hepes (pH 7.5), 5mM MgCl 2 , 1mM EGTA, 1mM phenylmethyl sulfonyl fluoride, 1 mg/ml leupeptin, and 1 mg/ml aprotinin) using a polytron homogeniser (Kinematica, Luzern, Switzerland). The supernatant was dissolved in sample buffer (133mM Tris HCl (pH 6.8), 0.1% sodium dodecyl sulfate, 5% glycerol, 0.67% 2-mercaptoethanol, 1 mg/ml leupeptin, and 1 mg/ml aprotinin) and boiled. The homogenate was centrifuged at 15 000 6g for 30 minutes at 4˚C. Immunoprecipitation was performed under non-reducing conditions on a rotator for three hours at 4˚C with 20 ml of protein G Sepharose (Amersham, Uppsala, Sweden) and 2 mg of anti-p53 antibody. Protein concentrations were determined using the Bio-Rad protein assay (BioRad Laboratories, Hercules, California, USA). Aliquots of 30 mg of protein were loaded on to each column. The proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis. After electrophoresis, the proteins were transferred on to a polyvinylidene fluoride hydrophobic membrane (Millipore, Bedford, Massachusetts, USA). The membranes were incubated with specific antibodies in blocking buffer at 4˚C overnight. The blots were developed using an ECL western blotting detection kit (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK), as described previously. 27 Pictures of the membranes were taken and scanned. The images were analysed using NIH image Ver.1.61 (National Institutes of Health, Washington, USA). The sum of the optical density of several bands in the ubiquitinated p53 protein was calculated to analyse the statistical differences.
Immunohistochemistry
After dewaxing in xylene and rehydration in ethanol, 5 mm thick paraffin wax embedded sections were autoclaved at 120˚C for five minutes in a glass pot filled with enough distilled water to immerse the sections completely, with the exception of those sections intended for immunohistochemical analysis of Bax and multi-ubiquitin. Immunohistochemistry was performed using a modified streptavidin-biotinylated peroxidase technique using a Histofine SAB-PO kit from Nichirei Corporation (Tokyo, Japan), as described previously. 27 The sections were counterstained with methyl green and mounted. The number of positive cells/200 alveolar epithelial cells was counted in 20 randomly selected fields for each section at 6200 magnification, and shown as the percentage of epithelial cells.
For each section, the grade of fibrosis in 20 randomly selected fields at 6200 magnification was also assessed at the same time as the sections were graded for immunohistochemistry, using previously described criteria, 29 with slight modifications, from grade 0 to 5 (0, normal lung; 1, minimal fibrous thickening of alveolar or bronchiolar walls; 2, moderate thickening of walls with no obvious damage to lung architecture; 3, increased fibrosis with definite damage to lung structure and formation of fibrous bands or small fibrous masses; 4, severe distortion of structure and large fibrous areas, ''honeycomb lung'' being placed in this category; 5, total fibrous obliteration throughout the field). The two observers agreed with each other regarding each of the grades.
Analysis of apoptosis in lung tissues
Apoptosis was detected by the TUNEL method using the DeadEnd colorimetric apoptosis detection system (Promega, Michigan, USA), as described previously. 27 For each section, the number of positive cells was counted in 20 randomly selected fields at 6200 magnification. The fibrotic grade for each field was also analysed at the same time.
Statistics
The optical density of western blot analysis and the TUNEL assay, and the number of positive signals for immunohistochemistry, were analysed by the Kruskal Wallis test followed by the Mann-Whitney's U test. Statistics were analysed using Abacus Concepts Stat view 5 package. A p value of less than 0.05 was considered significant. Figure 1 shows representative results of western blot analysis for p53, phosphorylated p53 (at Ser15), and Mdm2 in lung homogenates. These proteins were upregulated in IPF and NSIP compared with the controls. Figure 2 shows the quantitative results of western blot analysis. The expression of p53, phosphorylated p53 (at Ser15), and the Mdm2 protein was significantly higher in IPF (n = 8) and NSIP (n = 5) than in the controls (n = 8). Figures 3 and 4 show that the p53, phosphorylated p53 (at Ser15), Mdm2, Bax, and p21 proteins were detected in a few bronchiolar and alveolar epithelial cells and in a few alveolar macrophages in normal lung parenchyma. In IPF and NSIP, the p53, phosphorylated p53 (at Ser15), and p21 proteins were predominantly detected in the nuclei of bronchiolar and alveolar epithelial cells. Mdm2 protein was detected in the nuclei and cytoplasm of epithelial cells and macrophages and Bax protein was detected in the cytoplasm of epithelial cells. Figure 5 shows that the number of cells positive for the p53, phosphorylated p53 (at Ser15), Mdm2, Bax, and p21 proteins in bronchiolar and alveolar epithelial cells was significantly higher in IPF and NSIP than in the controls. The number of positive signals for these proteins was significantly higher in IPF than in NSIP, with the exception of the p21 protein. The number of TUNEL positive cells was significantly Figure 3 Representative results of immunohistochemical analysis for p53, phosphorylated p53 (at Ser15), and Mdm2 proteins in lung tissue from patients with idiopathic pulmonary fibrosis (A, C, and E, respectively) and normal lung parenchyma (B, D, and F, respectively). Original magnification, 6125.
RESULTS

Western blot analysis for lung homogenates
Immunohistochemistry and TUNEL staining
The p53-Mdm2 association in IPF and NSIPhigher in IPF and NSIP than in the controls, and was also higher in IPF compared with NSIP, consistent with the findings of our previous study.
27 Figure 6 shows that positive staining for p53, phosphorylated p53 (at Ser15), Mdm2, and Bax proteins in epithelial cells of IPF and NSIP increased with the progression of pulmonary fibrosis and peaked in moderately fibrotic areas.
Expression of the p21 protein increased with the progression of pulmonary fibrosis and peaked in severely fibrotic areas. Positive staining in the TUNEL assay increased with the progression of pulmonary fibrosis and peaked in moderately fibrotic areas, in the same manner as staining for the p53, phosphorylated p53 (at Ser15), Mdm2, and Bax proteins. Figure 7 shows representative results of the association of p53 with Mdm2 and ubiquitination of p53. Immunoblots for immunoprecipitated p53 show that p53 was associated with Mdm2, and that ubiquitinated p53 was found as multiple bands. These results were consistent in repeated experiments. Figure 8 shows the quantitative results of the association of p53 with Mdm2 and ubiquitination of p53. Lower amounts of p53 protein associated with Mdm2 were found in IPF than in NSIP and the controls, and concentrations in NSIP were significantly higher than in the controls ( fig 8A) . Ubiquitinated p53 was increased in IPF and NSIP compared with the controls (fig 8B) .
Conjugation with Mdm2 and ubiquitination of p53
DISCUSSION
Upregulation of the p53 protein either induces G1 arrest to allow time for the repair of damaged DNA, or induces apoptosis through transactivation of Bax, DR5, or Fas, or by transrepressing the expression of Bcl-2. 19 30 31 Apoptotic cells are not specifically detected by the TUNEL assay, which also detects DNA repair, DNA replication, and RNA synthesis. 32 However, we previously showed that TUNEL positive cells were not the same cells as those that were positive for DNA proliferation or the repair markers, proliferating cell nuclear antigen, Ki-67, and SC-35. 27 Furthermore, apoptotic epithelial cells were detected in IPF and NSIP by electron microscopy. 27 33 34 In our study, p53, phosphorylated p53, and Bax were all upregulated in lung epithelial cells from patients with IPF and NSIP compared with normal lung parenchyma. The upregulation of these three factors was similar in magnitude, and was associated with the increase in TUNEL positive cells. These results suggest that p53 accumulation is Figure 8 Quantitative results of western blot analysis for the association of (A) p53 with Mdm2 and (B) ubiquitination of p53 in lung tissues from patients with idiopathic pulmonary fibrosis (IPF; n = 8), nonspecific interstitial pneumonia (NSIP; n = 5), and controls (n = 8). *p , 0.05.
The p53-Mdm2 association in IPF and NSIPassociated with epithelial cell damage and apoptosis in IPF and NSIP. Several findings have suggested that p21 may be a key regulator of DNA replication and repair following lung injury. [22] [23] [24] [25] Evidence also suggests that p53 induces proapoptotic and antiapoptotic gene expression, and that the balance between proapoptotic genes, such as Bax, and anti-apoptotic genes, such as p21, is essential for protecting epithelial cells and for promoting the repair of epithelial cell injury. Downstream mediators of p53, such as Bax and p21, are more crucial than p53 itself with regard to sensitivity to hyperoxic lung injury. 23 35 36 In our study, the expression of Bax, p53, and phosphorylated p53 in epithelial cells was significantly upregulated in IPF compared with NSIP, and the number of TUNEL positive cells was also increased. However, p21 expression was upregulated in NSIP to the same level as that seen in IPF. These results suggest that DNA damage in the epithelial cells of NSIP is not as severe as in the epithelial cells of IPF, and also suggest that the repair process is predominant over the apoptotic process in NSIP. Because the increase in p21 expression had peaked in severely fibrotic lesions in IPF, and the number of TUNEL positive cells had peaked in moderately fibrotic lesions, but decreased in severely fibrotic lesions in IPF, p21 may be a target molecule, in that it inhibits apoptosis if it is strongly expressed at the early fibrosing stage.
37
Mdm2 plays a central role in regulating p53 expression and in repressing the apoptotic function of p53. The interaction between p53 and Mdm2 appears to determine the degree of expression of the p53 protein, and also appears to be associated with cell fate in lung epithelial cells. In unstressed cells, Mdm2 binds and ubiquitinates p53, causing p53 to exit the nucleus. After DNA damage, phosphorylation of human p53 at Ser15 occurs, and this leads to reduced interaction of p53 with its negative regulator, Mdm2. 15 16 In nitric oxide stressed cells, phosphorylated p53 at Ser15 still binds with Mdm2 and the polyubiquitination of p53 remains intact until functional p53 is no longer needed. 38 Alveolar epithelial cell injury in IPF is probably mediated, at least in part, by nitric oxide and reactive oxygen species generated at the alveolar epithelial surface. In our study, phosphorylated p53 at Ser15 was upregulated to the same degree as total p53 in IPF and NSIP. The amount of phosphorylated p53 in epithelial cells was significantly higher in IPF than in NSIP and the controls, and the amount of p53 conjugated with Mdm2 was lower in IPF than in NSIP and the controls. The phosphorylation of p53 in IPF may enable it to escape from Mdm2 binding and degradation, resulting in increased p53 concentrations.
''Our results suggest that DNA damage in the epithelial cells of non-specific interstitial pneumonia (NSIP) is not as severe as in the epithelial cells of idiopathic pulmonary fibrosis, and also suggest that the repair process is predominant over the apoptotic process in NSIP'' Ubiquitination of p53 was found to occur to a similar degree in NSIP and IPF, although conjugation with Mdm2 was much higher in NSIP, suggesting that Mdm2 independent mechanisms for the ubiquitination of p53 are present in IPF. We previously showed that c-jun N-terminal kinase (JNK) was expressed and activated in epithelial cells in IPF. 39 JNK has been shown to bind p53 and to promote ubiquitination and degradation of p53 independent of Mdm2. 40 In addition, Pirh2, a p53 inducible gene that encodes a RING-H2 protein, has been shown to interact with p53 and promote ubiquitination of p53 independently of Mdm2. 41 Mdm2, JNK, and Pirh2 may have distinct mechanisms to regulate the p53 response, and may have important roles in the response to various stresses. p53 protein concentrations in epithelial cells in IPF were higher than in NSIP, although ubiquitination of p53 occurs to a similar degree in both diseases. These results suggest that the degradation pathway of ubiquitinated p53 may be impaired. Apoptosis associated molecules, such as p53 and bcl-2 family proteins such as Bax, are degraded by proteasomes. Recently, caspases have been shown to cleave specific subunits of the 19S regulatory complex of proteasomes, the role of which is to recognise polyubiquitinated substrates. 42 We previously demonstrated that caspases 3, 8, and 9 were upregulated and activated in epithelial cells in IPF. 27 Therefore, the activation of these caspases may inhibit proteasome function and amplify the apoptotic pathway through further accumulation of proapoptotic molecules such as p53 and Bax in IPF.
In conclusion, the expression of proapoptotic proteins and the number of TUNEL positive cells were significantly increased in IPF and NSIP epithelial cells compared with controls. In addition, the expression of proapoptotic proteins and the number of TUNEL positive cells were increased in IPF epithelial cells compared with NSIP, whereas expression of the antiapoptotic protein p21 was similar in IPF and NSIP epithelial cells. There was a significant decrease in the amount of p53 conjugated with Mdm2 in IPF compared with NSIP and controls, perhaps as a result of the inhibition of binding to Mdm2 through the phosphorylation of p53 at Ser15 in IPF. Although the association of p53 with Mdm2 was decreased in IPF, ubiquitinated p53 was increased in IPF and NSIP compared with the controls. Caspase activation may inhibit proteasomal recognition and degradation of ubiquitinated p53 through the cleavage of proteasome subunits in IPF. Regulation of p53 responses by posttranslational modifications including phosphorylation, ubiquitination, and degradation associated with Mdm2 may play an important role in the stress responses of epithelial cells in IPF, and may also be associated with the difference in the prognosis of patients with IPF and NSIP.
Take home messages N The expression of p53, phosphorylated p53, Mdm2, p21, and Bax-signalling molecules associated with p53 mediated apoptosis-was upregulated in epithelial cells from patients with idiopathic pulmonary fibrosis (IPF) and non-specific interstitial pneumonia (NSIP) compared with normal lung parenchyma N Except for p21, there was a significant increase in the expression of these factors in IPF compared with NSIP N p53-Mdm2 conjugates were decreased in IPF compared with NSIP and controls, and ubiquitinated p53 was increased in IPF and NSIP compared with controls N Thus, signalling molecules associated with p53 mediated apoptosis may participate in epithelial cell apoptosis, and the attenuation of p53-Mdm2 conjugation and of p53 degradation may be involved in the epithelial cell apoptosis seen in IPF N Augmented epithelial apoptosis in IPF may lead to the poor prognosis compared with NSIP
